heart; initiation factor; protein kinase, protein synthesis ONE OF THE PRINCIPAL physiological effects of insulin is the stimulation of protein synthesis in tissues such as fat and both skeletal and cardiac muscle (17) . Earlier work has shown that insulin acutely activates mRNA translation in cardiomyocytes (reviewed in Ref. 71) although the molecular mechanisms underlying this have not previously been investigated. Recent advances have enhanced our overall understanding of the control of mRNA translation, particularly of the regulation of translation factors by phosphorylation, and of the signaling pathways that link them to cell surface receptors such as those for insulin (64) . Few studies have examined the molecular mechanisms involved in the control of translation in primary cells (as opposed to immortalized cell lines), and even fewer have involved heart cells.
Insulin activates both overall rates of protein synthesis and the translation of specific mRNAs. Among the latter are the so-called 5Ј-terminal oligopyrimidine tract (5Ј-TOP) mRNAs that encode ribosomal proteins and translation elongation factors and that possess a 5Ј-terminal tract of pyrimidines (hence ''5Ј-TOP''), which confers on them translational upregulation by stimuli such as serum (30, 49) . In serum-starved cells, such mRNAs are poorly translated, and stimulation of the cells causes them to ''shift'' into polyribosomes, presumably as a consequence of enhanced ribosome binding (i.e., enhanced initiation). The regulation of the translation of such mRNAs is believed to involve the 70-kDa protein kinase termed p70 S6k, which is activated by diverse stimuli, including insulin, and which phosphorylates ribosomal protein S6 (29, 63, 74) .
p70 S6k lies on a signaling pathway that includes the protein mammalian target of rapamycin (mTOR), which binds and is inhibited by the immunosuppressant rapamycin when this compound is bound to the 12-kDa FK506 binding protein (FKBP12) (59, 75) . Also downstream of mTOR lie the eukaryotic initiation factor (eIF) 4E binding proteins (4E-BPs), which interact with eIF4E, the translation initiation factor that binds the 5Ј-cap (7-methylguanosine) of the mRNA (6, 76 and reviewed in Ref. 40) . The binding of 4E-BP to eIF4E prevents it from binding to eIF4G, a scaffolding protein required for formation of the eIF4F complex that contains the helicase eIF4A and that is thought to be especially important for the translation of mRNAs whose 5Ј-untranslated regions (5Ј-UTRs) contain significant secondary structure (27, 42) . Such mRNAs (which include a number of encoding proteins involved in cell growth control) are translated inefficiently in unstimulated cells (38) . Insulin and other agents induce the phosphorylation of 4E-BPs (4E-BP1 is the most widely studied) and thus their dissociation from eIF4E, which then makes eIF4E available to bind to eIF4G and form the eIF4F complex (reviewed in Ref. 40) .
Eukaryotic elongation factor (eEF) 2 mediates the translocation step of peptide chain elongation. It is a phosphoprotein, and phosphorylated form of eEF2 is inactive in translation (11, 67) . The kinase that phosphorylates eEF2 is a Ca 2ϩ /calmodulin-dependent kinase and is now termed eEF2 kinase, since eEF2 is its only known substrate (54) . Earlier studies have shown that, in Chinese hamster ovary cells, insulin brings about the dephosphorylation of eEF2 and accelerated rates of elongation (66) . Insulin also brings about the inactivation of eEF2 kinase, and all three effects are blocked by treatment of the cells with rapamycin, indicating that the signaling events responsible involve mTOR (66) .
A fourth potential control point in translation initiation is the recycling of eIF2 between its inactive GDPliganded and active GTP-bound states. eIF2 transfers the initiator Met-tRNA to the ribosome, a step that is required for all initiation events. During this process, the GTP is hydrolyzed to GDP and eIF2 leaves the ribosome bound to GDP. Recycling back to the active GTP-bound form is catalyzed by the guanine nucleotideexchange factor eIF2B, and this heteropentameric protein is activated by insulin and many other agents that stimulate protein synthesis (reviewed in Ref. 64 ). Recent data favor a role for glycogen synthase kinase-3 (GSK-3) in regulating eIF2B. GSK-3 phosphorylates a single site in eIF2B (Ser 540 in its ⑀-subunit), leading to inactivation of eIF2B (82) . Insulin causes inactivation of GSK-3 [through a signaling pathway involving phosphatidylinositol 3-kinase (reviewed in Ref. 88) ] and thus brings about the dephosphorylation and activation of eIF2B (82) .
We have used these recent advances in understanding potential mechanisms for the activation of protein synthesis to explore the molecular events involved in its regulation by insulin in isolated adult rat ventricular cardiomyocytes (ARVC). We report that insulin activates multiple signaling pathways in these cells and that this leads to the activation of a number of key regulatory steps in mRNA translation.
MATERIALS AND METHODS
Materials. Chemicals and biochemicals were obtained as described previously (18, 21, 80) , unless otherwise stated. Rats were obtained from Harlan UK (Bicester, Oxon, UK) or Charles River UK (Margate, Kent, UK).
Isolation, culture, treatment and extraction of adult rat cardiomyocytes. Ventricular myocytes were isolated from hearts of adult rats, as described previously (81) . After isolation, cells were washed three times with DMEM. Cells were then resuspended in medium 199 containing 1 g/l glucose, 0.68 mmol/l glutamine, 5 mmol/l creatine, 2 mmol/l carnitine, and 5 mmol/l taurine and were washed three times in this medium. Cells were cultured on laminin-coated 60-or 100-mm diameter dishes seeded at a density of 1.4 ϫ 10 4 cells/cm 2 for 1-2 h in medium 199 at 37°C with the above additions. Plates were rinsed one time with the same modified medium 199, and nonadherent cells were discarded. Attached cells were cultured overnight in modified medium 199 without serum but with penicillin (50 U/ml) and streptomycin (50 µg/ml) before further treatment as detailed elsewhere in MATERIALS AND METHODS or in the legends for Figs. 1-7. The Ca 2ϩ concentration in both media was reduced to 1 mmol/l by the addition of EGTA. In a number of experiments, specific signaling inhibitors were employed. Cells were pretreated with these agents before exposure to insulin using the following concentrations and times: 100 nmol/l wortmannin for 30 min; 30 or 100 µmol/l LY-294002, as indicated, for 30 min; 50 nmol/l rapamycin for 30 min; 50 µmol/l PD-098059 for 60 min. LY-294002 and wortmannin each inhibit phosphatidylinositol 3-kinase (PI 3-kinase; see Refs. 5 and 12); rapamycin interferes with mTOR signaling, as described above; PD-098059 inhibits activation of the mitogen-activated protein (MAP) kinase [extracellular ligand-regulated kinase (Erk)] pathway (3). The concentrations used were chosen because other studies have shown that they completely inhibit the relevant target protein but are not so high as to be likely to interfere with other processes.
After treatment, cells were washed two times with ice-cold PBS and homogenized in ice-cold extraction buffer containing (in mmol/l) 50 Tris (pH 7.5), 1 EDTA, 1 EGTA, 1 Na 3 VO 3 , 50 NaF, 5 sodium pyrophosphate, 270 sucrose, and 1 DTT and also 1% (vol/vol) Triton X-100, 1 µmol/l microcystin-LR, 5 µg/ml leupeptin, 5 µg/ml pepstatin, 5 µg/ml antipain, and 200 µmol/l phenylmethylsulfonyl fluoride (added immediately before use). Postmitochondrial/nuclear supernatants were prepared by centrifugation of the total cell homogenates at 14,000 rpm for 10 min at 4°C. Total protein concentrations of the lysates were determined by Bradford protein assay, and samples of lysate containing equal amounts of protein were used for protein kinase assays, Western blots, translation factor analysis, and protein synthesis measurement.
Assays for protein kinases. p70 S6k, protein kinase B (PKB), and GSK-3 were assayed (after immunoprecipitation) using specific peptide substrates, as described previously (52, 79, 84) . The phosphorylation state of p70 S6k was also assessed by virtue of its mobility on SDS-PAGE, where the more highly phosphorylated, more active species migrate more slowly (21) . The activity of eEF2 kinase was measured in the presence of Ca 2ϩ and calmodulin using eEF2 purified from rabbit reticulocytes as substrate (19) . In some assays, where indicated, eEF2 was omitted.
The phosphorylation state of PKB (␣-and ␤-) isoforms was assessed by Western blotting using an antiserum specific for PKB phosphorylated at Ser 473 (from New England BioLabs). The total level of PKB in each sample was determined on a parallel Western blot using an antiserum that detects PKB irrespective of its state of phosphorylation (also from New England BioLabs).
Analysis of translation factor phosphorylation, association, or activity. The phosphorylation state of 4E-BP1 was assessed using the standard procedure, i.e., by virtue of its mobility on SDS-PAGE, as described earlier (18, 77) . To assess the interaction of eIF4E with other proteins such as 4E-BP1 or eIF4G, cell extracts were subjected to affinity chromatography on 7-methyl-GTP Sepharose, and the bound material was analyzed by SDS-PAGE/Western blotting using appropriate antisera (21, 77) . The state of phosphorylation of eEF2 was assessed by Western blotting using an antiserum specific for the form of eEF2 phosphorylated at Ser 56 (45) . Levels of total eEF2 were ascertained using an antiserum that detects eEF2 irrespective of its state of phosphorylation (65) .
Measurement of protein synthesis. ARVC that had been cultured overnight were preincubated in fresh medium 199 with or without signaling inhibitors. Cells were then stimulated with insulin (100 nmol/l) for 30 or 60 min before the addition of [ 35 S]methionine (5 µCi/ml) for a further 30 min. Cells were washed three times with cold PBS and then were lysed with extraction buffer. Protein was then collected by filtration on 3MM paper filters (Whatman) before precipitation with 5% (wt/vol) TCA and measurement of incorporated radiolabel by scintillation counting.
Alternatively, cells were stimulated with insulin for 30 min in the presence or absence of rapamycin before the addition of [ 3 H]phenylalanine (5 µCi/ml) for 30 min. Cells were washed three times with ice-cold PBS, and 10% (wt/vol) ice-cold TCA was added at 4°C for 60 min to precipitate the proteins. The precipitates were washed two times with ethanol and were dissolved in 0.5 mol/l NaOH and 0.1% (wt/vol) SDS. Radioactivity was measured by liquid scintillation counting.
RESULTS
Response of isolated adult rat cardiomyocytes to insulin. In our initial experiments, we examined whether insulin and other agents could activate two major signaling pathways (MAP kinase and p70 S6k) in freshly isolated ventricular myocytes. ARVC were treated with insulin, ANG II, endothelin-1 (ET-1), or phenylephrine (PE), all of which have been reported to activate protein synthesis in cardiomyocytes. In the freshly isolated cells, little or no activation of either pathway was observed (data not shown). To allow the cells to recover from the process of isolation, and any proteolytic or mechanical damage that they may have suffered during this, cells were cultured overnight on laminin-coated dishes in medium devoid of serum. After overnight culture under these conditions, 80-90% of the cells survived, and cells retained their rod-shaped morphology although some rounding of the ends of the cells was noted (data not shown). Cells cultured overnight were treated with the same stimuli, and the activation of MAP kinase and p70 S6k was studied again (Fig. 1, A and B) . In this case, substantial activation of MAP kinase and p70 S6k was now observed (the extent depending upon the stimulus used). For example, ANG II, ET-1, insulin, and PE all activated p70 S6k, as indicated by the characteristic reduction in mobility on SDS-PAGE that accompanies the phosphorylation and activation of this enzyme (Fig. 1A and, for insulin, data shown below). In the case of MAP kinase, Fig. 1B shows that ANG II caused a pronounced increase in the phosphorylation of both Erk1 and Erk2 (the two isoforms of MAP kinase), whereas the phorbol ester phorbol myristate acetate (which activates protein kinase C) elicited a smaller effect. Insulin had an even smaller effect on the phosphorylation of the Erks.
Thus, in ARVC that had been cultured overnight, a range of stimuli activate signaling pathways that are implicated in the activation of mRNA translation. We elected to focus on a detailed study of the effects of insulin on signaling pathways and translation factors, since considerable attention has been devoted to elucidating regulatory mechanisms by which it may activate translation, although very little work has been carried out on its actions on these targets in primary cells, as opposed to immortalized cells grown in tissue culture.
Insulin activates p70 S6k in adult rat cardiomyocytes. As mentioned above, insulin treatment of cultured ARVC led to the activation of p70 S6k. Maximal activation required ϳ30 min and followed an initial ''lag'' phase during which little or no activation was seen ( Fig. 2A) . Maximal activation was about fivefold (n ϭ 6). The activation of the enzyme correlated well with the characteristic decrease in the mobility of the protein on SDS-PAGE alluded to in response of isolated adult rat cardiomyocytes to insulin (Fig. 2B) .
We tested the effects of insulin on the activation of p70 S6k by a number of signaling inhibitors; these were the immunosuppressant agent rapamycin, LY-294002, which inhibits PI 3-kinase, and wortmannin, a structurally unrelated inhibitor of PI 3-kinase. In the presence of any of these three compounds, insulin was unable to significantly activate p70 S6k in ARVC (Fig. 2 , C and D, P Ͼ 0.5 vs. activity with inhibitor alone). Because the inhibitory effect of wortmannin was less complete than that of LY-294002, the latter was used in preference to wortmannin in subsequent studies. The inhibitor of the Erk pathway, PD-098059, had no effect on the ability of insulin to activate p70 S6k ( Fig. 2C , P Ͼ 0.5 for insulin plus PD vs. insulin alone). None of the inhibitors tested had a significant effect on the basal activity of p70 S6k ( Fig. 2C , P Ͼ 0.2 vs. control).
Insulin activates PKB in cardiomyocytes. Some reports have suggested that PKB lies upstream of p70 S6k and may therefore provide a link between PI 3-kinase and p70 S6k (since PKB is activated by insulin and other agents in a PI 3-kinase-dependent fashion; see Refs. 10 and 34). We therefore examined the ability of insulin to activate PKB. Mammalian PKB exists in three distinct isoforms (␣, ␤, and ␥), and we made use of recently developed isoform-specific antisera to examine the regulation of each form in response to insulin (79) . Insulin caused a rapid but transient activation of the ␣-and ␤-isoforms of PKB in ARVC (Fig. 3A) . Activation Fig. 1 . Characterization of responses of cultured adult rat ventricular cardiomyocytes (ARVC). Isolated ARVC were cultured overnight as described in MATERIALS AND METHODS and then treated as described below, and extracts were prepared as described in MATERIALS AND METHODS. Treatments were as follows: control (C), ANG II (1 µmol/l, 15 min), endothelin-1 (ET, 0.1 µmol/l, 8 min), phenylephrine (PE, 1 µmol/l, 15 min), phorbol 12-myristate 13-acetate (PMA, 1 µmol/l, 5 min), and insulin (Ins, 20 nmol/l, 15 min). In A, extracts were subjected to SDS-PAGE followed by Western blotting using an antiserum for 70-kDa ribosomal S6 (p70 S6) kinase, the position of which is indicated by arrow. In B, extracts were again subjected to SDS-PAGE and blot analysis, here using an antiserum that detects the phosphorylated (active) forms of both extracellular ligandregulated kinase (Erk) 1 and Erk2 (from New England BioLabs). The positions of these proteins are indicated by arrows. A and B show immunoblots developed by enhanced chemiluminescence. Fig. 2 . Insulin activates 70-kDa ribosomal S6 (p70 S6) kinase in adult rat ventricular myocytes. Isolated ARVC were cultured overnight as described in MATERIALS AND METHODS and then were treated with insulin as described below, and extracts were prepared as described in MATERIALS AND METHODS. A and C: activity of p70 S6 kinase was assessed after immunoprecipitation as described in MATERIALS AND METHODS. Activity is expressed relative to that of untreated control cells (ϭ 100%). In each case, n ϭ 3 and data are means Ϯ SD. B and D: immunoblots developed using an antiserum to p70 S6 kinase. Data are typical of at least 3 independent experiments performed. In A and B, cells were treated with insulin (100 nmol/l) for the times indicated (min). In C and D, cells were preincubated with rapamycin (R), wortmannin (W), LY-294002 (LY, 30 µmol/l), or PD-098059 (PD), as indicated and as described in MATERIALS AND METHODS, before treatment with insulin (100 nmol/l) for 30 min. C and I, control and insulin-treated cells, respectively. Fig. 3 . Insulin activates protein kinase B (PKB) in isolated adult rat ventricular myocytes. Isolated ARVC were cultured overnight and then were treated with insulin as described below, and extracts were prepared as described in MATERIALS AND METHODS. Activity of PKB was assessed after immunoprecipitation, as described in MATERIALS AND METHODS, using antisera specific for PKB␣ or PKB␤ as indicated. Activity is expressed relative to the protein concentration of the extract, with 1 unit of PKB activity being defined as that amount that catalyzes the phosphorylation of 1 nmol of substrate in 1 min. In A, cells were treated with insulin (100 nmol/l) for the times indicated (min). Data are from 3 independent experiments and are means Ϯ SD. In B, cells were treated with insulin (100 nmol/l) for the times indicated (min). Samples were then subjected to SDS-PAGE, and separate blots were developed using either an antibody that detects PKB irrespective of its state of phosphorylation (bottom) or one that detects PKB only when phosphorylated at the COOH-terminal site, Ser 473 (top). Data shown are typical of 3 independent experiments. In C, cells were preincubated with rapamycin (R), LY-294002 (LY, 30 µM), or PD-098059 (PD), as indicated, before treatment with insulin (Ins, 100 nmol/l, 5 min), as described in MATERIALS AND METHODS. Samples were then subjected to SDS-PAGE, and separate blots were developed using either an antibody that detects PKB irrespective of its state of phosphorylation (bottom) or one that detects PKB only when phosphorylated at the COOH-terminal site, Ser 473 (top). Similar data were obtained in 2 entirely independent experiments. was maximal within 5 min, and activity then declined almost to basal levels by 30 min (at which P Ͼ 0.1 vs. no insulin control). The activity of the ␣-isoform was always greater than that of the ␤-isoform, suggesting that it is the major form in ARVC, although, because different antisera were used, it is not possible directly to compare the activities of the two isoforms with one another. The activity of the ␥-isoform was always very low, even after insulin treatment, and we have not studied it further. Activation of the ␣-and ␤-isoforms of PKB involves their phosphorylation at a conserved threonine residue in the catalytic domain (Thr 308 in PKB␣) and at a COOH-terminal serine residue (Ser 473 in PKB␣; see Ref.
2). Consistent with this, insulin increased the phosphorylation of Ser 473 in parallel with the activation of PKB, as revealed by Western blotting using an antibody specific for PKB that is phosphorylated at that site (Fig. 3B) . The total amount of PKB extracted from the cells did not differ under different conditions, as shown by Western blots using a different antibody that recognizes PKB irrespective of its state of phosphorylation (Fig. 3B) . With the use of this antibody, two bands for PKB were evident at certain time points. This mobility shift was only seen at those time points where PKB was activated, as judged by activity measurements or Western blotting using the antiphospho-PKB antiserum. Activated PKB has previously been reported to display a reduced mobility on SDS-PAGE (1, 4). Thus, as assessed by three different criteria, insulin induces a rapid but transient activation of PKB in ARVC.
As judged from Western blots employing the antiphospho-PKB antibody, activation of PKB by insulin was blocked by LY-294002, an inhibitor of PI 3-kinase, consistent with current understanding of the regulation of PKB ( Fig. 3C ; see Ref. 2 ). An inhibitor of the activation of the MAP kinase pathway, PD-098059, had no effect on the activation of PKB by insulin. Rapamycin also failed to block the activation of PKB (Fig. 3C) . A loading control was again provided by a blot using the phosphorylation-insensitive anti-PKB antibody, and again the mobility shift was seen under conditions where PKB was activated. Similar conclusions were drawn from direct measurements of PKB activity (data not shown).
Insulin increases the phosphorylation of 4E-BP1, causes its dissociation from eIF4E, and promotes formation of eIF4F complexes. As described above, insulin activated p70 S6k, an enzyme regulated through a pathway linked to mTOR. The translational regulatory proteins known as 4E-BPs are also regulated through an mTOR-dependent pathway (40), and we therefore examined the effects of insulin on this arm of the translational machinery, in which PKB may also be an upstream component (26) . ARVC contained detectable levels of 4E-BP1 but not of 4E-BP2 (data not shown). Because we do not have access to antisera to the third member of the 4E-BP family, 4E-BP3 (60), we have not been able to analyze it. Northern blot analysis of whole heart RNA shows that it is expressed in this organ (60) .
In unstimulated cells, 4E-BP1 was present as the ␣-(least phosphorylated) and ␤-(more phosphorylated) forms, with roughly equal amounts of the two species being seen in most cases, although this was a little variable (Fig. 4, A and B) . Insulin induced a pronounced retardation in the mobility of 4E-BP1 on SDS-PAGE, indicative of increased phosphorylation of the protein, such that most of the protein now migrated as the most highly phosphorylated ␥-form, with a trace of the ␤-species also being evident (Fig. 4A) . As for the activation of p70 S6k, there was a lag period during which no effect of insulin was seen, although this was shorter than for the effects of insulin on p70 S6k, with the full effect of insulin already being apparent by 15 min rather than 30 min (cf. Fig. 2 ). The effect of insulin was blocked by pretreatment of the cells with rapamycin, with almost all of the protein now appearing as the ␣-form (Fig. 4, A and B) . In the case of the PI 3-kinase inhibitor LY-294002, 30 µM was found to be insufficient to block completely the effect of insulin, whereas 100 µM both blocked the effect of insulin and also caused dephosphorylation of 4E-BP1 in the control cells (Fig.  4B) . Phosphorylation of 4E-BP1 prevents it from binding to eIF4E (27, 41, 57 , and also see Ref. 40 for a review); consistent with the above data showing insulininduced phosphorylation of 4E-BP1, the hormone also caused 4E-BP1 to dissociate from eIF4E (Fig. 4C ). This effect, like the phosphorylation of 4E-BP1, was blocked by rapamycin (Fig. 4C) .
When m 7 GTP-Sepharose-bound material from control and insulin-treated heart cells was examined by Western blotting for eIF4G bound to the eIF4E isolated in this way, it was clear, in each of four separate experiments performed, that insulin brought about a pronounced enhancement of the association of eIF4G with eIF4E (Fig. 4D) , indicative of the increased formation of eIF4F complexes. Such complexes also contain the helicase eIF4A, and Western blots of material recovered in m 7 GTP-Sepharose pull-downs revealed that insulin also brought about an increase in the amount of eIF4A bound to eIF4E (Fig. 4D) . Thus, in ARVC, insulin brings about the increased formation of initiation factor complexes containing eIF4E, eIF4G, and eIF4A.
Insulin induces inactivation of GSK-3. PKB phosphorylates GSK-3 at a regulatory serine near the COOH-terminus of both the ␣-and ␤-isoforms, leading to their inactivation (14, 68, 72, 73) , and is thought to mediate the inactivation of GSK-3 by insulin in vivo (14, 16, 69) . Because insulin activates PKB in ARVC, we examined whether the hormone also affected the activity of GSK-3, which itself is an important potential regulator of translation initiation, through its phosphorylation and regulation of eIF2B (82) .
Insulin caused a marked and rapid inactivation of GSK-3 (Fig. 5 ). GSK-3 activity (of the ␣-plus ␤-isoforms) fell to ϳ50% of the control value by 5 min of insulin treatment and then gradually returned toward control values (Fig. 5) . This matches quite closely the regulation of PKB by insulin in these cells, where a maximal effect was seen within 5 min. However, al-though in the case of GSK-3 this was followed by an increase in activity, unlike the activity of PKB (Fig. 3A) , GSK-3 activity did not return to basal levels, even by 20 or 45 min (Fig. 5) . In one experiment in which the activities of the ␣-and ␤-isoforms of GSK-3 were monitored separately, insulin decreased the activities of these isoforms to 56 and 45% of the control, respectively, indicating that insulin affects both isoforms of this enzyme to similar extents.
Insulin causes inhibition of eEF2 kinase and dephosphorylation of eEF2. Insulin has previously been shown to bring about the dephosphorylation of eEF2 in Chinese hamster ovary cells and more recently in adipocytes (19, 66) . Because phosphorylation of eEF2 inhibits its activity (11, 67) , this effect of insulin should contribute to the activation of translation and, indeed, has been shown to correlate with accelerated rates of peptide chain elongation (19, 66) . We therefore examined the effect of insulin on the phosphorylation state of eEF2 in ARVC. This was assessed by Western blotting using an antibody specific for the phosphorylated form of eEF2 (45) , with the level of total eEF2 being assessed in a parallel blot using an eEF2 antibody that is not sensitive to the phosphorylation state of the protein (Fig. 6A) . After insulin treatment, the level of phosphor- Fig. 4 . Insulin regulates the phosphorylation of eukaryotic initiation factor (eIF) 4E binding protein (4E-BP1), its binding to eIF4E, and the association of eIF4E with eIF4G in adult ventricular myocytes. Isolated ARVC were cultured overnight as described in MATERIALS AND METHODS. Cells were incubated with (I) or without (C) insulin (100 nmol/l), and extracts were then prepared as described in MATERIALS AND METHODS. In A, nos. indicate the time (min) for which cells were treated with insulin. In some cases, cells were preincubated with rapamycin (R), as described in MATERIALS AND METHODS. In B, cells were preincubated with rapamycin (rapa) or LY-294002 (LY) at the indicated concentration (µmol/l) before treatment with insulin (100 nmol/l) for 30 min. Cell extracts were subjected to SDS-PAGE and Western blotting using an antiserum against 4E-BP1. Positions of the ␣-, ␤-, and ␥-forms of 4E-BP1 are shown (␥ being the most highly phosphorylated form and ␣ the least). In C, cells were incubated with (Ins) or without (Control) insulin for 30 min, and extracts were then prepared. In some cases, cells were pretreated with rapamycin (R). Cell extracts were subjected to affinity chromatography on m 7 GTP-Sepharose as described in MATERIALS AND METH-ODS, and the bound material was analyzed by SDS-PAGE and Western blotting using antisera against eIF4E and 4E-BP1 (migration positions indicated). In D, cells were treated with (Ins) or without (Control) insulin (100 nmol/l) and then subjected to affinity chromatography as in C. Samples were analyzed by SDS-PAGE and Western blotting using antisera for 4E-BP1, eIF4E, eIF4A, and eIF4G. Positions of these proteins are indicated. Gel conditions used were 13.5% acrylamide-0.36% bis-acrylamide in A and B, 12.5% acrylamide-0.1% bis-acrylamide in C and D, bottom, and 8% acrylamide-0.1% bis-acrylamide in D, top and middle. In all cases, data are typical of at least 3 independent experiments performed. Fig. 5 . Insulin causes the inactivation of glycogen synthase kinase 3 (GSK-3) in isolated ventricular myocytes. Isolated ARVC were cultured overnight as described in MATERIALS AND METHODS and then were treated with insulin (100 nmol/l) for various times (min, as indicated). Extracts were prepared as described in MATERIALS AND METHODS. The activity of GSK-3 (␣-plus ␤-isoforms together) was assessed after immunoprecipitation, as described in MATERIALS AND METHODS, and is expressed relative to that of untreated control cells (ϭ 100%) Ϯ SD (n ϭ 3). * P Ͻ 0.05 and ** P Ͻ 0.005. ylation of eEF2 fell markedly. Although no effect was seen at the earliest time point (5 min), by 15 min, the level of phosphorylation had fallen by 10-fold, after which it slightly rose again. At 60 min, the level of phosphorylation was still well below that of the control (4-fold lower). The small transient rise in phosphorylation seen at 45 min was reproducible. Previous work using other cell types has shown that the effect of insulin on the phosphorylation of eEF2 is sensitive to rapamycin (33, 66) . Similarly, pretreatment of ARVC with rapamycin very substantially blocked the effect of insulin. At the 30-min time point, the level of eEF2 phosphorylation was higher than in the controls, although the effect of rapamycin was somewhat less at 45 min. These effects were also seen reproducibly in three entirely separate experiments.
In the other systems studied, insulin has been shown to decrease the activity of eEF2 kinase, a specific Ca 2ϩ /calmodulin-dependent enzyme whose only known substrate is eEF2 (19, 66) . In ARVC, insulin also brought about a marked decrease in the activity of eEF2 kinase (Fig. 6B ). Significant inactivation was first observed after 15 min of insulin treatment, and this was maximal at 30 min, although substantial inactivation was still evident after 60 min. This effect was largely blocked by prior treatment of the cells with rapamycin, indicating that, as is the case in the other types of cells where this effect has been studied, the signaling pathway linking the insulin receptor to eEF2 kinase involves mTOR (19, 66) . The effect of insulin on eEF2 kinase activity was less marked than its effect on the level of phosphorylation of eEF2, as was also observed in our earlier studies (66) . Very similar findings were made in three completely separate experiments. The time courses for the effects of insulin on eEF2 phosphorylation and eEF2 kinase activity were similar but not identical. It is possible that the activity of the phosphatase acting on eEF2 is also regulated, but we have not studied this.
Rapamycin substantially inhibits the activation of total protein synthesis by insulin in ARVC. To study the effect of insulin on overall protein synthesis in ARVC, cells were treated with insulin, and then radiolabeled tracer amino acid ([ 35 S]methionine) was added to monitor the rate of protein synthesis. This was measured as incorporation of labeled amino acid into material which is insoluble in TCA, which is the standard procedure. Insulin treatment of ARVC led to a substantial activation of the rate of protein synthesis, and this was somewhat greater at 60 min (150% above the control rate, Fig. 7 ) than at 30 min (70% above control, Table 1 ), which is not unexpected (see DISCUSSION) . 6 . Insulin decreases the phosphorylation of eukaryotic elongation factor 2 (eEF2) and eEF2 kinase activity in ARVC. Isolated ARVC were cultured overnight as described in MATERIALS AND METH-ODS and then were treated with insulin (Ins, 100 nmol/l) for various times (min, as indicated). Extracts were prepared as described in MATERIALS AND METHODS. In some cases, cells were pretreated with rapamycin (R) before exposure to insulin for the times indicated. In A, extracts of ARVC were subjected to SDS-PAGE followed by Western blotting. Blot at top was developed using an antiserum specific for the phosphorylated form of eEF2 (45), whereas the blot at bottom shows data for the same samples obtained using an anti-eEF2 antiserum that is insensitive to the phosphorylation state of eEF2 (to allow normalization to the total amount of eEF2 present). Positions of eEF2 are indicated in each case by arrows. Nos. at bottom show the signal due to the phosphorylated eEF2 compared with that for total eEF2, as a ratio (indicative of the relative level of eEF2 phosphorylation). B: data for the activity of eEF2 kinase and the position of eEF2 are again indicated. Cϩ and CϪ, lanes in which control extracts were assayed in the presence or absence of added purified eEF2, respectively. In all other assays, eEF2 was present. In B, nos. at bottom show the relative intensity of the phosphorylation of the substrate eEF2 (as % of control) determined by PhosphorImage analysis using a Fuji FLA-2000 Imager, BAS Reader, and Aida software. Similar results for each type of analysis were obtained in 3 independent experiments.
To examine the possible roles of individual signaling pathways in the control of protein synthesis in ARVC, cells were pretreated with specific signaling inhibitors before stimulation with insulin. At the 60-min time point, the insulin-activated rate of protein synthesis appeared to be slightly inhibited by pretreatment of the cells with LY-294002 or PD-098059, but this effect was not statistically significant (P Ͼ 0.25 vs. insulin alone). Rapamycin had a much larger effect than either of the above compounds, indicating a major role for the mTOR pathway in the regulation of protein synthesis in ARVC (here P Ͻ 0.01 vs. insulin alone).
However, to minimize possible effects due to factors other than upregulation of mRNA translation itself (such as the activation of transcription), we elected to focus more closely on the earlier (30 min) time point. Rapamycin had no effect on the basal rate of protein synthesis in control cells (P Ͼ 0.5 for rapamycin vs. no addition) but again substantially reduced the activation seen upon insulin stimulation (by ϳ50%, P Ͻ 0.005 for insulin plus rapamycin vs. insulin alone; Table 1 ). This indicates that events linked to mTOR, such as the activation of p70 S6k, the phosphorylation of 4E-BP1, and the dephosphorylation of eEF2, are likely to play a major role in the activation of protein synthesis by insulin in ARVC.
Interpretation of the data obtained with the PI 3-kinase inhibitor LY-294002 and the Erk pathway inhibitor PD-098059 is more complicated. At 30 µM, LY-294002 did not significantly inhibit the basal rate of protein synthesis (P Ͼ 0.1 vs. control) but did substantially block its stimulation by insulin (by ϳ60%, P Ͻ 0.005 compared with insulin alone; Table 1 ). At 100 µM, LY-294002 significantly reduced the basal rate of incorporation of label (P Ͻ 0.001) and again also inhibited its activation by insulin. The MAP kinase pathway inhibitor PD-098059 also reduced basal protein synthesis (P Ͻ 0.001). When corrected for the fact that it suppressed the rate of protein synthesis in control cells, PD-098059 appears to have little, if any, effect on the ability of insulin to activate protein synthesis in ARVC (P Ͼ 0.1; Table 1 ). The effects of higher concentrations of LY-294002 and of PD-098059 on basal protein synthetic rates may reflect a requirement for a certain level of PI 3-kinase or Erk activity for basal protein synthesis or another effect of these compounds. LY-294002 has been reported to inhibit the protein kinase activity associated with mTOR (9), but because rapamycin, another inhibitor of mTOR, did not affect basal protein synthesis, this potential effect of LY-294002 seems unlikely to be responsible for the reduction in basal protein synthesis rate. PD-098059 has not been reported, as far as we are aware, to interfere with the activity of anything other than mitogen/extracellular signal-regulated kinase 1. Nonetheless, it seems clear that LY-294002 attenuated the effect of insulin, since the stimulation seen in the presence of this compound (relative to the appropriate controls also containing it) was less than one-half that seen in the absence of LY-294002.
To further explore the effects of insulin and inhibitors on amino acid incorporation in ARVC protein, we extended our studies to use a different labeled amino acid precursor, [ 3 H]phenylalanine rather than [ 35 S]methionine. Phenylalanine is transported by system L, which is not subject to acute regulation by insulin or other agents (47) , and thus the use of this label should eliminate potential problems arising from possible activation of amino acid transporters such as system A by insulin. Using [ 3 H]phenylalanine as precursor, we obtained data very similar to that obtained with [ 35 S]methionine: insulin activated the incorporation of [ 3 H]phenylalanine by ϳ50%, and this activation was inhibited by rapamycin [extent of inhibition 40% (P Ͻ 0.05 for rapamycin plus insulin vs. insulin alone), taking into account that rapamycin slightly reduced the rate of [ 3 H]phenylalanine incorporation in control cells; Table  2 ]. Thus similar effects were seen using two different Values are means Ϯ SD; n, no. of experiments. Isolated adult rat ventricular cardiomyocytes (ARVC) were cultured overnight as described in MATERIALS AND METHODS and then were treated with insulin (Ins, 100 nmol/l) for 30 min. In some cases, where indicated, cells were preincubated with rapamycin (Rap), LY-294002 (LY), or PD-098059 (PD) before treatment with insulin. [ 35 S]methionine was added, and, 30 min later, cells were extracted, and incorporation of radiolabel in TCA-insoluble material was assessed as described in MATERIALS AND METHODS. LY30, 30 µM LY-294002; LY100, 100 µM LY-294002. Values are means Ϯ SD; n ϭ 4 independent experiments in each case. Isolated ARVC were cultured overnight as described in MATERI-ALS AND METHODS and then were treated with insulin (100 nmol/l) for 30 min. In some cases, where indicated, cells were preincubated with rapamycin (Rap) before treatment with insulin. [ 3 H]phenylalanine was added, and, 30 min later, cells were extracted, and incorporation of radiolabel in TCA-insoluble material was assessed as described in MATERIALS AND METHODS.
labeled amino acid precursors that are transported on different systems.
DISCUSSION
The data reported here represent the first detailed study of the signaling events and the translation factors involved in the activation of protein synthesis by insulin in adult cardiomyocytes, although there have been some earlier reports relating to certain individual translation factors or using neonatal cells (43, 78) . Our data demonstrate that insulin activates a number of signaling pathways and steps in mRNA translation. These include several targets linked to mTOR, i.e., p70 S6k, 4E-BP1, and eEF2. This is not only the first study of the regulation of a range of translation factors in adult heart cells but also the first report studying, in a concerted fashion, the regulation of this range of targets of insulin signaling in any cell type.
The activation of p70 S6k is believed to play a key role in stimulating the translation of the 5Ј-TOP mRNAs (30, 49) and thus presumably in activating the production of ribosomes and increasing the capacity of the cell for protein synthesis. This is likely to be especially important in the longer-term upregulation of mRNA translation. Insulin also promoted the phosphorylation of 4E-BP1, its dissociation from eIF4E, and, as a consequence of this, the formation of the eIF4E/eIF4G complex, which is considered to be necessary for capdependent translation of mRNAs, especially of those that have extensive secondary structure in their 5Ј-UTRs (reviewed by Refs. 20 and 70). Taken together, these events are likely to be important in activating the translation of specific sets of mRNAs in response to insulin. In contrast, the insulin-induced dephosphorylation (and activation) of eEF2 will contribute to the overall activation of protein synthesis.
A consistent observation in these studies was that the activation of p70 S6k lagged significantly behind the other two mTOR-linked regulatory events studied. Phosphorylation of 4E-BP1, dephosphorylation of eEF2, and inactivation of eEF2 kinase were already maximal or almost maximal after 15 min of insulin treatment, whereas activation of p70 S6k was still very slight at this time and became substantial only after 30 min of insulin treatment. As far as we are aware, this is the first study that has examined, in parallel, the regulation of all three of these targets of mTOR-linked signaling. Because the molecular events underlying the regulation of these different proteins are not yet fully established, it is not clear why activation of p70 S6k should lag behind that of other targets of the mTOR pathway.
As observed in many earlier studies, phosphorylation of 4E-BP1 correlated with its dissociation from eIF4E, and both events were blocked by pretreatment of the cells with rapamycin. Because there are several (at least 5) phosphorylation sites in 4E-BP1, although only three distinct bands are observed on SDS-PAGE, each band must correspond to multiple different phosphorylated forms, and we have not presented a quantification of the proportions in the different forms as this would not provide significant information. The key point is that the dissociation of 4E-BP1 is accompanied by a marked increase in the amount of eIF4G bound to eIF4E [which is consistent with the fact that 4E-BP1 and eIF4G compete for a common binding site in eIF4E (27, 42) ]. Thus the clear interpretation of the data presented here is that the increase in 4E-BP1 phosphorylation brought about by insulin suffices 1) to bring about the complete release of 4E-BP1 from eIF4E and 2) to permit a marked increase in the binding of eIF4G to eIF4E, which may play an important role in promoting initiation of translation on cap-dependent mRNAs in heart cells. A further indication that insulin promotes formation of eIF4F complexes in ARVC is that it increased the amount of eIF4A that copurifies with eIF4E on m 7 GTP-Sepharose.
The data for eEF2 show that insulin quite rapidly induced its dephosphorylation and that this was blocked by rapamycin. There have only been two previous studies on the effect of insulin on the phosphorylation of eEF2 in Chinese hamster ovary cells (66) and in 3T3-L1 adipocytes (19) . In both cases, and in the present study, the insulin-induced dephosphorylation of eEF2 was accompanied by decreased activity of eEF2 kinase, and, where studied, the effects were blocked by rapamycin.
The data presented here demonstrate for the first time in primary cells that eEF2 and eEF2 kinases are targets for mTOR-dependent signaling.
The inactivation of GSK-3 in response to insulin in ARVC is similar to effects observed in several other cell types (8, 14-16, 28, 86) . The activity of GSK-3 remained lower than controls up to 20-45 min of insulin treatment, even though the activity of the probably upstream kinase, PKB, had returned to basal levels. This may reflect a slow rate of dephosphorylation of GSK-3. Because GSK-3 can regulate the activity of eIF2B (82) , which plays an important role in regulating overall translation initiation (35, 56, 62) , it was important to assess whether insulin regulated this regulatory translation factor in heart cells. However, we were unable to assay the activity of eIF2B in extracts of ARVC using our standard procedure, which we have applied to many other cell types (25, 36, 83, 85, 87) ; no detectable activity was seen in extracts from either control or insulin-treated cells. We attempted to immunoprecipitate the eIF2B from cell extracts before assay using our monoclonal (55) or polyclonal antibodies to concentrate it; we also attempted to remove anything that might interfere with the assay and then measured its activity, but again no activity was detected. It is not clear why assaying eIF2B activity in heart cell extracts presents such difficulties. Given that it is required for translation, heart cells must express eIF2B, and, indeed using immunological approaches (monoclonal antisera), we have detected it in extracts of whole rat hearts (55) . However, our earlier study (55) strongly suggested that the level of eIF2B was low in heart relative to the other tissues that we studied, which may offer an explanation of the difficulties experienced in assaying its activity. We have also attempted to use our antise-rum, which is specific for eIF2B⑀ and which is phosphorylated at the GSK-3 site (82), to examine the phosphorylation state of this protein in heart cell extracts, but again this was unsuccessful.
We tested the effect of rapamycin on the incorporation of labeled amino acid into TCA-precipitable material using two different radiolabeled amino acids that are transported on different systems. The purpose of this part of the study was to assess whether it was likely that the rapamycin-sensitive regulatory events observed here actually contributed to the activation of protein synthesis in ARVC rather than to measure absolute rates of protein synthesis. With the use of either [ 35 S]methionine or [ 3 H]phenylalanine, insulin increased the incorporation of label, and this was partially (40% phenylalanine; 50% methionine) blocked by rapamycin. Because phenylalanine is transported on system L, which is not regulated acutely by insulin, the increased incorporation induced by insulin is presumably not due to increased transport of the label into the cells. With methionine as the labeled precursor, a slightly larger effect of insulin was observed (70% stimulation compared with ca. 50% for phenylalanine). This may reflect the possibility that system A, which is activated by insulin in some cell types, including skeletal muscle, (46, 47) , may contribute to methionine uptake. However, because McDowell et al. (46) found that rapamycin did not affect the ability of insulin to activate system A, it is unlikely that the inhibitory effect of rapamycin on methionine incorporation reflects an effect on uptake of this labeled amino acid. It is also possible that rapamycin affects protein turnover in the heart with a consequent effect on pool sizes. We have not examined this aspect of the regulation of protein turnover in ARVC as part of this study, which focused on the regulation of specific translation factor proteins.
The extent of activation of amino acid incorporation was greater (150% increase over control) for the later labeling window (60-90 min after insulin) than for the earlier one (70% increase; 30-60 min). This shows that the rate of incorporation is not linear in insulinstimulated cells, which is to be expected from our data that show 1) insulin does not activate the translational components we have studied immediately but only after a lag period and 2) this lag period differs for different components, with 4E-BP1 and eEF2 being affected fully at 15 min, whereas p70 S6k is not fully activated until 30 min after insulin treatment. Furthermore, the subsequent assembly of initiation complexes, recruitment of mRNAs, formation of polyribosomes, and synthesis of (labeled) polypeptides are all processes that are not instantaneous, contributing to the time required to see increased activation of amino acid incorporation.
The observation that the activation of amino acid incorporation by insulin in ARVC was largely blocked by rapamycin, which inhibits the activation of p70 S6k, the phosphorylation of 4E-BP1, and the dephosphorylation of eEF2, is consistent with the idea that these effects make a substantial contribution to the activation of protein synthesis by insulin in ARVC (Fig. 7 and Tables 1 and 2 ). In contrast, in many other cell types, rapamycin has only modest effects on the overall rate of protein synthesis (7, 50, 51, 58) . For example, in serum-stimulated NIH 3T3 cells, Beretta et al. (7) found that rapamycin inhibited protein synthesis by ϳ50% over a 24-h period, but the effects at shorter times were much smaller. No data were presented for times as short as those studied here (30-60 min), but it seems likely from their data that the effect would have been very small. The reason for the differences in the degree of inhibition may reflect the fact that almost all of the earlier studies used immortalized cell lines and cells adapted to live in culture, whereas this study involved primary cells. It will be of considerable interest to know whether the stimulation of protein synthesis in other primary cell types also shows marked inhibition by rapamycin. However, it has been reported that rapamycin has little or no effect on the activation of protein synthesis over 4 h in primary T cells (51) but did substantially inhibit protein synthesis in BJAB lymphoma cells (13, 33) .
Higher concentrations of LY-294002 reduced the basal level of protein synthesis in ARVC and also partially blocked its activation by insulin. The latter effect may reflect its ability to interfere with the regulation by insulin of the same regulatory events as are affected by rapamycin (as shown here and in other studies, reviewed in Ref. 64 ). One possibility is that this involves the regulation of eIF2B, which is regulated by a PI 3-kinase-dependent mechanism (87) . Unfortunately, as noted above, we have been unable to measure either the activity or the activation of eIF2B in extracts from ARVC, probably due to the low level of eIF2B found in heart (55). Karinch et al. (32) have previously reported that insulin did not affect the activity of eIF2B in whole hearts of diabetic rats.
PD-098059 also inhibited the basal rate of protein synthesis. When this is taken into account, it can be seen ( Table 1) that it has no effect on the activation of translation by insulin, implying that the Erk pathway is not involved in this. This is consistent with the observation that insulin has at most a very small effect on the activation state of the Erk pathway in ARVC.
Another recent study (39) suggested that the rate of protein synthesis in cardiomyocytes treated with insulin-like growth factor I was inhibited, to differing extents, by PD-098059, wortmannin, or rapamycin, indicating roles for several signaling pathways. This study, however, differed from the present one in several important ways. 1) It employed ARVC from neonatal rather than adult rats.
2) The authors did not examine the effects of the inhibitors on the basal rate of protein synthesis.
3) The effects of the inhibitors on the activation of protein synthesis were studied over an extended period (24 h) rather than acutely, as was the case here. Over such an extended time period, the activation of protein synthesis will almost certainly include contributions due to stimulation of transcription and increased levels of ribosomes (and probably also other translational components).
